The thermodynamic H + /ATP ratio of the H + -ATP synthase from chloroplasts was measured in proteoliposomes after energization of the membrane by an acid base transition (Turina et al. 2003 [13], 418-422). The method is discussed, and all published data obtained with this system are combined and analyzed as a single dataset. This meta-analysis led to the following results. 1) At equilibrium, the transmembrane ΔpH is energetically equivalent to the transmembrane electric potential difference. 2) The standard free energy for ATP synthesis (reference reaction) is ΔG°r ef = 33.8 ± 1.3 kJ/mol. 3) The thermodynamic H + /ATP ratio, as obtained from the shift of the ATP synthesis equilibrium induced by changing the transmembrane ΔpH (varying either pH in or pH out ) is 4.0 ± 0.1. The structural H + /ATP ratio, calculated from the ratio of proton binding sites on the c-subunit-ring in F 0 to the catalytic nucleotide binding sites on the β-subunits in F 1 , is c/β = 14/3 = 4.7. We infer that the energy of 0.7 protons per ATP that flow through the enzyme, but do not contribute to shifting the ATP/(ADP·P i ) ratio, is used for additional processes within the enzyme, such as activation, and/or energy dissipation, due e.g. to internal uncoupling. The ratio between the thermodynamic and the structural H + /ATP values is 0.85, and we conclude that this value represents the efficiency of the chemiosmotic energy conversion within the chloroplast H + -ATP synthase.
Introduction
F-type H + -ATP synthases (F 0 F 1 , EC3.6.1.34) synthesize ATP from ADP and inorganic phosphate using the free energy derived from a transmembrane electrochemical potential difference [1, 2] . The number of protons necessary for the synthesis of one ATP (H + /ATP ratio) is a key parameter for the energy metabolism in the cell, and extensive work attests the interest in its determination (reviewed in [3] [4] [5] [6] ).
According to the chemiosmotic theory, ATP synthesis/hydrolysis by the H + -ATP synthase is coupled with the transport of n = H + /ATP protons across the membrane between the internal and the external aqueous phases of a vesicle, i.e.
According to Eq. (1), at equilibrium, the ratio of the chemical reactants ATP/(ADP P i ) is equal to the ratio of the transport protons ( n . Therefore, the number of protons n that are thermodynamically coupled with the production of one ATP can be determined by measuring the equilibrium between different pre-established ATP/ (ADP P i ) ratios and the ( [1, 2, 7] . The H + /ATP ratio obtained from measuring the chemical equilibrium of the ATP synthesis/hydrolysis reaction in response to ΔpH is referred to in the following as the "thermodynamic H + /ATP ratio". In addition, the transmembrane electric potential difference, Δφ, is a second factor that shifts this equilibrium. Such thermodynamic considerations do not require a detailed knowledge of the structure and mechanism of the enzyme. In earlier investigations of this prediction, the most critical measurements have turned out to be those of ΔpH and Δφ. In the past decades, much effort has been devoted to the development of probes and methods for measurements of ΔpH and Δφ, however their application for quantitative measurements in biological systems turned out to be far from straightforward [8] [9] [10] [11] [12] . In previous work, we used a simple chemiosmotic system consisting of liposomes with membraneintegrated ATP synthase, which allows accurate measurements of all relevant parameters, in particular ΔpH and Δφ, with well-established standard methods. With this system, the H + /ATP ratios of the ATP synthases from spinach chloroplasts [13] , Escherichia coli [14] , and Saccharomyces cerevisiae mitochondria [15] were determined. In all of those studies, performed under different pH out and Δφ conditions, for the chloroplast enzyme, CF 0 F 1 , it resulted H + /ATP = 4.0 ± 0.2. The current knowledge of the structure and mechanism of F-type H + -ATP synthases has been summarized in several reviews [see e.g. [16] [17] [18] [19] [20] . ATP synthesis/hydrolysis occurs in the hydrophilic F 1 -part, which contains a ring of three alternating α-and β-subunits. The γ-subunit rotates within the F 1 -part in three 120°steps inducing cyclic conformational changes in the three β-subunits leading to binding of ADP and P i , synthesis of enzyme-bound ATP and release of ATP to the medium. The same sequence of reactions occurs at each binding site on the β-subunit phase shifted by 120°, and in one 360°turn 3 ATP molecules are synthesized or hydrolyzed. All F-type H + -ATP synthases analyzed so far have a similar arrangement of subunits in the F 1 -part, i.e. all structures are compatible with the 3-stepped movement.
The proton translocation occurs through the membrane embedded F 0 -part, which contains a ring-like c-subunit oligomer and the subunits ab 2 , located at the periphery of the ring. In the synthesis direction, protons from the acidic side enter through an access channel, and protonate a residue of the c-subunit located in the center of the hydrophobic region of the membrane (Glu-61 for CF 0 F 1 ). When a protonated c-subunit reaches the exit channel, the proton leaves the enzyme to the basic side and these protonation/deprotonation reactions lead to a rotation of the c-ring [21, 22] . Each monomeric c-subunit has one potential binding site for protons, so that the number of protons transported in one 360°turn of the c-ring is expected to be equal to the number of c-subunit monomers in the c-ring. The rotation of the c-ring in the F 0 -part has been shown experimentally [23] [24] [25] . It is transmitted to the F 1 -part via the γ-and the ε-subunits, which are in direct contact with both the c-subunits and the α 3 β 3 subunits. From the ratio of catalytic sites in F 0 and F 1 , i.e. from the c/β subunit ratio, a H + /ATP ratio is calculated, which can be called the "structural" H + /ATP ratio. If the coupling of movements within the enzyme is tight, this structural H + /ATP ratio and the thermodynamic H + /ATP ratio should coincide [5, [26] [27] [28] .
In the c-ring of the CF 0 F 1 from spinach chloroplasts, the number of csubunits has been determined by AFM and X-ray crystallography to be 14 [29] [30] [31] , resulting in a structural H + /ATP = c/β ≈ 4.7. This number is ≈15% higher than the measured thermodynamic H + /ATP ratio. This difference prompted us to reexamine the published CF 0 F 1 data [13] [14] [15] , and to carry out a meta-analysis of these data as a whole.
Materials and methods
The data re-analyzed and discussed in this work were reported in Refs. [13] [14] [15] , and experimental details were described there. Only the main principles are outlined here. The purified CF 0 F 1 from spinach chloroplasts was reconstituted in preformed phophatidylcholine/phosphatidic acid liposomes by Triton destabilization of the membrane followed by Biobeads treatment for detergent removal, and was reduced with dithiothreitol. The average diameter of the proteoliposomes, as measured by dynamic light scattering, was (150 ± 30) nm, and they contained on average 2 CF 0 F 1 molecules per liposome. Maximal rates of ATP synthesis between 200 and 300 s −1 were routinely observed with these proteoliposomes after acid-base transitions [32] , under standard conditions [33] [34] [35] [36] . Fig. 1 shows schematically the proteoliposome (left) and the experimental setup (right). Proteoliposomes in the acidic buffer were injected into the basic buffer and the ATP concentration before and after the acid-base transition was measured continuously with luciferin/luciferase. The ATP concentration time traces were fitted by a linear function [13] or by the combination of an exponential and a linear function [14, 15] , and the initial rates and their errors were calculated from the fitted function. Equilibration of all buffers and ions between the internal and external aqueous phases and membrane integration of CF 0 F 1 occurred during the treatment of the liposomes with detergent in the acidic medium. The pH in value was the pH of this acidic medium and it was measured with the glass electrode after reconstitution. The pH out value was the pH value measured after mixing the basic medium and the proteoliposomes in the acidic medium. Both pH in and pH out were measured with the same glass electrode. The standard deviation in measuring the absolute pH value with the glass electrode by multi-point calibration is generally estimated in the order of 0.02 [37] , i.e. the standard deviation of pH out minus pH in was estimated to be 0.03. This method allowed the determination of the bulk-to-bulk ΔpH with high precision.
To investigate the effect on the rate of ΔpH in the absence of Δφ, the internal and external compartment contained the same high K + -con centrations (50 mM) Under such conditions, the Gibbs free energy for proton transport was given by the transmembrane ΔpH plus the transmembrane Δφ. As calculated in Appendix A, the increase in the internal K + -concentration, due both to the initial charging of the membrane, and to the H + -compensating K + -influx, was negligible under the applied conditions of high K + -concentrations. Therefore, it was possible to use the preestablished K + -concentrations for calculating the diffusion potential Δφ.
The data from Refs. [13] [14] [15] were analyzed in this work by a global best-fitting procedure, present in the software package Origin™, which minimized simultaneously the χ-square of the best-fit of the 4 Fig. 1 . Scheme of the chemiosmotic system and of the experimental setup. Left: Proteoliposomes with a mean diameter of 150 nm are made from phosphatidylcholine/phosphatidic acid and contain 1 CF 0 F 1 . The basic buffer is depicted in blue, the acidic buffer in red. Right: Scheme of the experimental setup for measurements of ATP synthesis and ATP hydrolysis after generation of a transmembrane ΔpH (±Δφ) by an acid-base transition. Proteoliposomes in the acidic reconstitution medium (red) are injected into a cuvette placed in front of a photomultiplier. The cuvette contains the basic medium and the luciferin/luciferase assay (blue). The luminescence intensity is recorded continuously before and after injection of the proteoliposomes.
datasets to the 4 functions, using the Marquardt algorithm. All other data were analyzed by simple best-fitting procedures using the same algorithm within Origin™.
Results

Thermodynamic background and survey of key experimental issues
According to Eq. (1), the chemical reaction and the transport reaction are coupled, and consequently, the Gibbs free energy of ATP synthesis is coupled with the Gibbs free energy of proton transport. The Gibbs free energy of ATP synthesis is given by
where Q is the reaction quotient and ∑fATPg; ∑fP i g; and ∑fADPg are the total concentrations, i.e. the sums of all ionic species of each reactant [41] (see Appendix B). The total concentrations are the weighted-in quantities of these reactants in the medium. Given the definition of Q, the ΔG°o bs value in Eq. (2) 
The standard Gibbs free energy of this reference reaction, ΔG°r ef , does not depend on pH and Mg 2+ concentration, but only on temperature and on the activity coefficients of the reactants. Usually, it is reported at T = 298 K and ionic strength I = 0. The ΔG°o bs observed under the given experimental conditions can be calculated from ΔG°r ef using the known proton dissociation constants and Mg 2+ dissociation constants of ATP, ADP and P i and the activity coefficients of these ions. Conversely, if ΔG°o bs is measured under a given set of experimental conditions, the ΔG°r ef can be calculated. A computerized method is available for such conversions [42] , which uses the proton and Mg 2+ dissociation constants and the ion activity coefficients as collected in the work of Rosing and Slater [41] . The Gibbs free energy for proton transport from the internal to the external phase is given by the transmembrane electrochemical potential difference of protons, Δμ H þ . Usually, it is expressed in terms of the transmembrane pH-difference, ΔpH = pH out − pH in and of the transmembrane electric potential difference Δφ = φ in − φ out :
Note that, to obtain positive signs for both parameters, we defined the transmembrane pH difference in the opposite direction relative to the transmembrane electric potential difference.
The Gibbs free energy, ΔG, of the coupled reaction (Eq. (1)) is then given by
At equilibrium (ΔG = 0), from Eqs. (2), (4) and (5) it results:
This equation can be used to determine n = H + /ATP from a plot of 2.3RTlgQ versus 2.3RTΔpH eq at constant Δφ eq . An exemplification of these measurements is shown in Fig. 2 . The basic buffer contains educts and products of the reaction with a pre-established Q-value and the luciferin/luciferase kit for measuring the ATP concentration. The cuvette is placed in the luminometer, and the baseline luminescence resulting from the ATP concentration in the basic buffer is registered. The acidic buffer with the proteoliposomes is injected, thereby generating the transmembrane ΔpH and starting the catalytic reaction. The luminescence time traces, obtained after generation of different ΔpH values (pH in = 6.14-6.51, pH out = 8.47), at Δφ = 0 and Q = 58, are shown in Fig. 2A . For each trace, since the initial ΔpH decreases due to proton efflux, only the initial rate is considered. For instance, for the trace at ΔpH = 2.33, after the acid-base transition there is an increase in ATP concentration, up to a maximum, after which the ATP synthesis tips over into ATP hydrolysis. At the time point of reversal, the rate is zero, i.e. the chemical reaction is in equilibrium with the transmembrane ΔpH, which is therefore ΔpH eq . However, its value is not known, since the initial ΔpH = 2.33 decays with time to a lower value. Therefore, initial rates are measured at several initial ΔpH values. At ΔpH = 1.96, the initial ATP concentration decreases in time, i.e. the spontaneous reaction is ATP hydrolysis (notice that also in this case the time course reflects the ΔpH decay, since the low initial hydrolysis rate increases after few tens of seconds, consistent with a lower backpressure exerted by a decaying ΔpH). The trace at ΔpH = 2.14 appears to be very near ΔpH eq , but still slightly above it, since the rate is slightly positive.
To obtain an accurate determination of ΔpH eq , the initial rates of ATP synthesis/hydrolysis are measured near both sides of the equilibrium, i.e. at ΔpH-values between 1.96 and 2.33. These rates are plotted against ΔpH, and ΔpH eq is determined by interpolation to zero rate (see Fig. 2B , Q = 58). The equilibrium between the pre-established Q-value and ΔpH is obtained only at this point. Such measurements are carried out at different Q-values, three of which are shown in Fig. 2B . For each Q-value, the corresponding point of zero rate is obtained by interpolation as described above, and represents the ΔpH eq for that pre-established specific Q-value. The error associated with the ΔpH eq value (red error bars) is estimated by interpolating to zero rate the upper or lower limits of the rate errors with the same function. The plot of 2.3RTlgQ versus 2.3RTΔpH eq is shown in Fig. 2C . According to Eq. (6), a linear relation is expected between 2.3RTlgQ and 2.3RTΔpH eq , and a best-fitting straight line through these data results in n = H + /ATP and y-axis intercept = −ΔG°o bs . The method described above was used to determine the H + /ATP for H + -ATP synthases from chloroplasts, bacteria, and mitochondria [7, [13] [14] [15] 28] at constant pH out and constant Δφ eq , and Table 1 summarizes those results.
The trace "uncoupler" in Fig. 2A shows an experiment at ΔpH = 2.33 with the uncoupler nigericin in the basic buffer, which, in the presence of valinomycin and high [K + ], reduces the ΔpH to zero on a time scale much faster than the turnover of the ATP synthase. No significant ATP hydrolysis is observed, although this reaction is thermodynamically feasible. The absence of catalysis at ΔpH = 0 indicates that CF 0 F 1 is a strongly regulated enzyme, which requires a transmembrane ΔpH/Δφ to become catalytically active. It is evident from this result that energization of the membrane by the acid-base transition leads to the activation of the enzyme, and that the activated enzyme then catalyzes ATP synthesis/hydrolysis, the direction being given by the pre-established ΔG. Thus, the initial rates determined in Fig. 2A reflect both activation and catalysis. Since the fraction of active CF 0 F 1 varies between 0 and 1, whereas the catalytic reaction changes its sign when switching, at ΔpH eq , from the ATP synthesis into the ATP hydrolysis direction. This means that when the ΔpH eq value is determined by measurements = 1, the Δφ term was pre-set equal to zero. The best fit was calculated with 2.3RTΔpH eq as a function of 2.3RTlgQ, using as weights the uncertainties of 2.3RTΔpH eq . The common slope from the best fit was n = H + /ATP = 4.0 ± 0.1, and the common term of the y-axis intercept was ΔG°r ef = (33.8 ± 1.3) kJ/mol. P(pH out ) and x/y-axis intercepts are collected in Table 2 . The dashed lines show the dependencies which were expected had all datasets been measured at pH out = 8.47, as described in the text. (B) Plot of the 2.3RΤΔΔpH)/F shifts versus the K + diffusion potentials calculated from the Nernst equation. Since the error of the 2.3RΤΔΔpH)/F shifts was lower than the standard deviation of 0.03 associated with the pH electrode measurement, the latter one was used for all data point, in units of Δφ (1.8 mV), and it was applied also to the zero point. The straight line is the linear regression of the data using their errors as weight.
from both sides of the equilibrium, it will only depend on the catalytic reaction and not on the activation. A detailed discussion of this effect is given in Appendix C. The method described above measures only those protons which are able to shift the equilibrium of the chemical reactants ATP/(ADP P i ) (Eq. (1)), while it does not respond to the activation process and does not detect "activating protons".
The energetic equivalence of ΔpH and Δφ
In the mentioned studies [13] [14] [15] ] in = 10.5). Each single dataset could be fitted by a straight line (Eq. (6)), obtaining four independent slopes (corresponding to n = H + /ATP) and four independent y-axis intercepts (corresponding to − ΔG°o bs , when Δφ = 0, or to (− ΔG°o bs + nFΔφ) otherwise) [13] [14] [15] . In the present work, the four datasets are analyzed as a single one by a simultaneous best fit. Since the four datasets were obtained at different pH out values, the term ΔG°o bs was expressed as the sum of ΔG°r ef plus the term P(pH out ). The term P(pH out ) describes the changes in ΔG°o bs as a function of pH out , and is calculated from literature data as described in Appendix D. By substituting ΔG°o bs = ΔG°r ef + P(pH out ), Eq. (6) becomes:
In Fig. 3A , the continuous straight lines result from the simultaneous best fit of all four datasets with Eq. (7), leaving as free parameters, shared by all four datasets, the slope n = H + /ATP and ΔG°r ef , as a not shared free parameter the Δφ term, and as a not shared, known parameter, the P(pH out ) term. For the dataset at pH out = 8.47, for which [K + ] out / [K + ] in = 1, the Δφ term was pre-set equal to zero. The best fit was calculated with 2.3RTΔpH eq as a function of 2.3RTlgQ, using as weights the uncertainties of 2.3RTΔpH eq . The common slope from the best fit resulted in n = H + /ATP = 4.0 ± 0.1, and the common term of the y-axis intercept resulted in ΔG°r ef = (33.8 ± 1.3) kJ/mol. The different P(pH out ) and the results of the best fit are collected in Table 2 .
The dashed lines in Fig. 3A were obtained by subtracting the quantity ΔG°o bs (pH out ) − ΔG°o bs (pH out = 8.47) = P(pH out ) − P(pH out = 8.47) from the continuous lines, i.e. they show the dependencies which were expected, had all datasets been measured at pH out = 8.47. These corrections are small (see Table 2 ), and they have been included for internal consistency only.
The FΔφ values obtained from the simultaneous best fit of 
This equation is only an approximation, since the Goldman-Hodgkin-Katz equation should be more appropriate. In addition, a change in the initial internal K + concentration will occur, due to a) the charging of the membrane, and b) the charge compensating K + influx due to the proton efflux. These effects are quantitatively described in Appendix A, showing the limits allowed for the use of the pre-established K + concentrations in the Nernst equation. Fig. 3B shows the correlation between the experimental ΔΔpH shifts (in mV units), i.e. derived from the best fit of the experimental data ( Fig. 3A and Table 2 ), and the Δφ values calculated from the Nernst equation (Eq. (8)). The linear best fit of the data, a straight line with slope = 1.00 ± 0.04, indicates that these two datasets coincide within experimental error. Table 2 Determination of the equivalence of Δφ and ΔpH from the data presented in Fig. 3 . The P(pH out ) values were calculated from Eq. (D.1). The y-axis intercepts resulted from the simultaneous best fit of the four datasets shown in Fig. 3A with Eq. (7). The common slope from the best fit was n = H + /ATP = 4.0 ± 0.1, and the common term of the y-axis intercept was ΔG°r ef = (33.8 ± 1.3) kJ/mol. The uncertainties of the best fit parameters were calculated by the best fitting routine of the software package Origin™. The best fit was calculated with 2.3RTΔpH eq as a function of 2.3RTlgQ, using as weights the uncertainties of 2.3RTΔpH eq . (Fig. 3A) were corrected for the pH out dependence of ΔG°o bs as described in the text. They were shifted along the 2.3RTlgQ axis by the best-fit nFΔφ values (see Table 2 It is one of the central tenets of the chemiosmotic theory that the transmembrane ΔpH and the transmembrane Δφ are energetically equivalent. The data summarized in Fig. 3 confirm experimentally the equivalence of the transmembrane ΔpH and Δφ at the thermodynamic equilibrium.
The H
+ /ATP ratio from the phosphorylation reaction at equilibrium as a function of pH in at constant pH out
In Fig. 4 , the corrected datasets from Fig. 3A were plotted 
In this equation, pH in * = pH in − (FΔφ) / 2.3RT is the effective pH in and ΔpH eq * = pH out − pH in * is the effective ΔpH eq , and both definitions include the conversion of the electric potential in effective [H + ] in . To obtain the n = H + /ATP ratio from the plots of 2.3RTlgQ versus pH out , or versus ΔpH eq *, at constant pH in *, again the pH out dependence of ΔG°o bs has to be taken into account. By substituting ΔG°o bs = (ΔG°r ef + P(pH out )) into Eq. (9), we obtain Eq. (10), in which 2.3RTlgQ is expressed as a function of pH out . The term 2.3RTpH in * is constant for each dataset and, ΔG°r ef and n are freely adjustable parameters:
To obtain 2.3RTlgQ as a function of the single variable ΔpH eq *, in Eq. (10), pH out was substituted by (2.3RTΔpH eq * / 2.3RT + pH in *), so that 2.3RTlgQ becomes a function of the single variable ΔpH eq *, with the two free parameters n = H + /ATP and ΔG°r ef . (A) The reaction product depicted as 2.3RTlgQ is shown as a function of (pH out ) eq (top scale) or 2.3RT(pH out ) eq (bottom scale) at four constant pH in * values (data from Table S2 ). The straight lines result from the simultaneous best fit of all four datasets with Eq. (Fig. 3A) ; open circles show the data obtained as a function of pH out (Fig. 5) For each measurement shown in Fig. 3A , we calculated the effective pH in (pH in *) and ΔpH eq (ΔpH eq *), using Eq. (9) and the Δφ values from Fig. 3B . These calculated pH in * values were grouped in four datasets, in which the average pH in * value was taken as constant, and its standard deviation was taken as its experimental error (see Tables S1 and S2) . Fig. 5 shows the plots of 2.3RTlgQ at the four different pH in * values, either as a function of pH out (Fig. 5A) , or as a function of ΔpH eq * (Fig. 5B) . In Fig. 5A , the four datasets were simultaneously fitted with Eq. (10), leaving as free and shared parameters n and ΔG°r ef . The result of the best fit was n = H + /ATP = 4.0 ± 0.2 and ΔG°r ef = 33 ± 2 kJ/mol. The slopes of the best fit curves in the pH out range between 8 and 9 were constant and equal to 3.0, which is the n = H + /ATP value which would be obtained by modeling the data with Eq. (9), i.e. by neglecting the ΔG°o bs dependence from pH out . In Fig. 5B , the four lines resulted from the simultaneous best fit of all four datasets with Eq. (11), leaving as free and shared parameters n = H + /ATP and ΔG°r ef . The result of the best fit was identical to the fit shown in Fig. 5A . In this plot, the four yaxis intercepts represent −(ΔG°r ef + P(pH out )), i.e. the different ΔG°o bs values at ΔpH eq * = 0 for the different pH in * values.
The H + /ATP ratio and ΔG°r ef can thus be determined not only from the dependence of 2.3RTlgQ on pH in , but also from the dependence of 2.3RTlgQ on pH out . In the latter case, it has to be taken into account that the pH out dependence of the coupled reaction is a combination of the pH dependence of both proton transport and ΔG°o bs , whereas the pH in dependence reflects only the pH dependence of proton transport. In other words, during the synthesis of one ATP molecule by the ATP synthase at pH out = 8.0 and above, 4 protons will disappear from the internal phase, whereas only 3 will appear on the outside, since one proton is chemically consumed.
Relationship between ΔG°o bs and ΔG°r ef
Summarizing the results of the preceding analysis, Fig. 6 shows the dependence of ΔG°o bs on pH at the temperature, ionic strength, [Mg 2+ ] and [P i ] of our experimental conditions, as calculated with the program described in Ref. [42] and based on the measured ΔG°r ef value of 33.8 kJ/mol obtained from the analysis in Fig. 3A . The filled circles indicate the ΔG°o bs values (ΔG°o bs = ΔG°r ef + P(pH out )) obtained from the variation of pH in (Fig. 3A) , and the empty circles indicate the ΔG°o bs values (ΔG°o bs = ΔG°r ef + P(pH out )) obtained from the variation of pH out (Fig. 5) . The plot also emphasizes how such dependence, in the range of pH values from 8 to 9, is well approximated by a straight line with a slope of 5.5 kJ/mol. This value is almost coincident with 2.3RT, which is consistent with the fact that the approximately linear dependence of 2.3RTlgQ on 2.3RTpH out , shown in Fig. 5A , has a slope of (n − 1.0) = 3.0.
Discussion
The H + /ATP ratio has been recently measured in CF 0 F 1 proteoliposomes, obtaining a value of 4 [13] [14] [15] . This value was in agreement with that previously obtained in whole spinach chloroplasts and cyanobacterial vesicles, using fluorescent ΔpH indicators [3, 7] , but differed from the H + /ATP ratio derived from the structure (H + / ATP = c/β ≈ 4.7). Therefore, we re-analyzed the published methods and results [13] [14] [15] , and carried out a meta-analysis of the data as a whole.
The value of ΔG°r ef for the ATP synthesis reaction
The ΔG°r ef value obtained for the ATP synthesis reaction in the present meta-analysis provides a sensitive measure to validate the results in the context of published literature values. ΔG°r ef data obtained by different authors and methods are collected in Table 3 . They were all determined by coupling the ATP hydrolysis/synthesis reaction with a second process: due to the very high absolute ΔG°r ef value of this reaction, a direct determination is not possible. This second process was either a chemical reaction (glutamine synthesis/hydrolysis catalyzed by glutamine synthetase in [39, 41] , and acetyl-CoA synthesis/hydrolysis catalyzed by acetate kinase and phosphate acetyl-transferase in [40] ) or an osmotic process (the downhill/uphill transport of proton catalyzed by the H + -ATP synthase in [7, [13] [14] [15] 28] ). The aim in Refs.
[ [39] [40] [41] was a determination of ΔG°r ef with high precision and accuracy, and did not involve, as in Refs. [7, 28] and in this work, the concomitant determination of a second unknown parameter, i.e. the H + /ATP ratio. The average value coming from the literature data collected in Table 3 is ΔG°r ef = 35.1 ± 2.3 kJ/mol. The possible reasons for the higher ΔG°r ef in Ref. [39] have been discussed [41] , so that the former can be excluded, obtaining ΔG°r ef = 33.0 ± 1.5 kJ/mol.
According to Eq. (7), the H + /ATP ratio may be calculated from the slope of the linear dependence of 2.3RTlgQ on 2.3RTΔpH eq (at constant Δφ) without prior knowledge of ΔG°o bs . The standard free energy, ΔG°o bs , can be obtained by extrapolating this linear relationship from the range of the measured ΔpH eq , to ΔpH eq = 0. To compare datasets obtained at different pH out , ΔG°o bs was expressed as the sum of two component, ΔG°o bs = ΔG°r ef + P(pH), and P(pH) was calculated as described in Appendix D. From the best fit reported in Fig. 3A , ΔG°r ef = 33.8 ± 1.3 kJ/mol was obtained. Therefore, the ΔG°r ef value from the present work falls within the range of the experimental error of the data in Refs. [40] [41] . This agreement provides an additional strong support to the accuracy and precision of the H + /ATP determination, since the ΔG°o bs value, being obtained by extrapolation of the bestfitting straight line down to ΔpH = 0 (Figs. 3 and 4 ), is extremely sensitive to small changes in its slope.
The thermodynamic H + /ATP ratio
The H + /ATP ratio determined in this work is the stoichiometric factor n in Eq. (1), and it resulted from the shift of the chemical equilibrium of the ATP synthesis/hydrolysis reaction in response to the H in + / H out + ratio (Fig. 3A) . Therefore, this number is referred to as the "thermo- It is interesting to note that, in the pH out range between 8 and 9, the measured slopes of logQ versus (pH out ) eq plots are 3.0 (Fig. 5A) . However, the best-fitting value of the stoichiometric factor n was 4.0, meaning that the number of H + appearing in the external compartment is one less than the number of H + disappearing from the internal compartment. In this pH range, the synthesis of one ATP consumes chemically one proton, so that out of the 4 protons transported from the inside compartment, only 3 appear effectively outside.
The energetic equivalence of ΔpH and Δφ
According to the chemiosmotic theory, at equilibrium the two parameters 2.3RTΔpH and FΔφ are equivalent energies for shifting the ATP/(ADP·P i ) ratio. Earlier work in this field investigated the kinetic equivalence of ΔpH and Δφ, i.e. it was investigated whether or not the two parameters have the same effect on the rate of ATP synthesis [43] [44] [45] [46] [47] . We are not aware of any work aimed at showing experimentally the energetic equivalence of the two parameters at equilibrium.
When an acid-base transition is carried out with vesicles, in addition to the transmembrane pH difference an imbalance of different ions (anions or cations of buffer molecules and ions like Na
is generated. The diffusion of these ions across the membrane leads to a transmembrane diffusion potential. When only the passive fluxes of monovalent ions are considered, the diffusion potential Δφ can be calculated from the Goldman-Hodgkin-Katz equation: The permeability coefficients of several ions (e.g. Na + , K + and Cl − ) have been measured in lipid bilayers and liposomes (see e.g. [48] [49] [50] and references therein), resulting in the order of (10 −12 -10 − 10 ) cm s −1 . For H + , permeability coefficient values ranging from P H + = 10 −7 cm s − 1 to P H + = 10 − 3 cm s −1 (see [50] and refs. therein) have been reported, with P H + = 10 −4 cm s − 1 being considered the most reliable order of magnitude at neutral pH [48, 51] . Valinomycin forms K + complexes and acts as an ionic carrier across lipid membranes, and its mechanism of induced charge transfer was studied extensively [52] . At saturating valinomycin concentrations (N10 −6 M), the apparent permeability coefficient of the K + -valinomycin complex resulting from these studies was P K + ,Val =3⋅ 10 −6 cm s −1 [53] . Therefore, even assuming the highest reported proton permeability (P H + =10 −3 cm s ] out , can then be neglected, and Eq. (13) simplifies to:
Eq. (14) In the present work, the transmembrane Δφ values were calculated from the external and internal K + concentrations (Nernst equation),
and from the shift of ΔG°o bs as obtained from the best fitting of Eq. (8) to the combined dataset (Fig. 3A) . The high degree of correlation between these two series of Δφ values (Fig. 3B) shows that the Nernst diffusion potentials are equal to the Δφ values which were obtained experimentally as shifts of the ATP synthesis/hydrolysis equilibrium. In other words, the data summarized in Fig. 3B are consistent (at least in the measured range of 0 ≤ Δφ ≤ 60 mV) with one of the central tenets of the chemiosmotic theory, i.e. the energetic equivalence of the transmembrane ΔpH and Δφ for driving ATP synthesis. A similar difference has been found for the yeast mitochondrial enzyme, for which the number of c-subunit was 10 by X-ray crystallography [54] [55] [56] , resulting in c/β ≈ 3.3, but the thermodynamic H + /ATP ratio resulted in 2.9 ± 0.2 [15] , again falling short of approximately 15% relative to the c/β value.
The structural H + /ATP ratio can be interpreted as the maximal possible H + /ATP ratio, although it still is not completely clear how to reconcile the idea of an identical sequence of catalytic events in each of the three β subunits with the c/β mismatch (although not all ATP synthases feature the mismatch, see [28, 57] ). Mechanistically, this could imply that the three catalytic sites in F 1 use different numbers of protons for ATP synthesis, or that some c-subunits do not transport protons for catalysis but for other purposes. This assumption implies that structurally symmetrical parts of the enzyme (either the β-and/or the c-subunits) are functionally not identical. The other possibility is that the sites are structurally and functionally identical and they use noninteger numbers of protons. To reconcile the c/β mismatch with the idea of an identical sequence of catalytic events in each of the three β subunits, a temporary storage of proton transport energy has been envisaged within the γ-subunit, which would act as an elastic transmission element between the 14-stepped (in CF 0 F 1 ) c-ring motor and the 3-stepped F 1 -motor [58] [59] [60] [61] . Given the latter mechanism, the energy associated with the downhill transport of all of the 14 H + flowing through CF 0 in one 360°rotation can in principle be fully harnessed, and transmitted evenly to the 3 catalytic sites for 3 ATP release events. However, the thermodynamic H + /ATP ratio determined in the present work indicates that only 12 transported H + are used by CF 0 F 1 for the synthesis of 3 ATP. The thermodynamic measurement will count only those protons which are able to shift the ATP/(ADP·P i ) equilibrium, whereas protons transported by the basal H + flux, or transported through the enzyme without shifting the equilibrium, will not be detected. Therefore, the present data indicate that the additional energy of two H + , available in a 360°rotation of CF 0 , is used in some other process within the enzyme. (Notice that the smaller number of H + used for ATP synthesis -12 instead of 14) -is compensated for by a higher Δμ H þ , so that the energy amount n · Δμ H þ , required for ATP synthesis, does not change.)
One process, which could account for undetected energy usage, is the Δμ H þ -dependent activation, of H + -ATP synthases in general [reviewed in 62] , and of CF 0 F 1 in particular [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] . To avoid futile ATP hydrolysis in plants during the day-night cycle, CF 0 F 1 is strongly regulated, requiring activation by a transmembrane Δμ H þ before it can act as a catalyst, hydrolyzing or synthesizing ATP. The kinetics of Δμ H þ -activation have been investigated, showing that at least 2-4 protons are involved in the activation process. The apparent pK-values for the activating protons differ from those of the catalytic protons, and they also differ for the oxidized and the reduced enzyme [66, 67, 69] . The Δμ H þ -activation was shown to induce the release of a tightly bound ADP [65] , and to induce structural changes in the ε-and γ-subunit [68] . Overall, those data indicate that the activation transforms CF 0 F 1 into a different structural conformation, which resides at a higher energy level relative to the inactive conformation. Energy derived from the proton gradient is used to generate the active conformation and, consequently, it does not contribute to the driving force for ATP synthesis. Single molecule rotation of the γ-subunit by magnetic force in bacterial F 1 indicated that the inactivation can be relieved by a torque applied in the ATP synthesis direction [74] . If, then, the activating H + flow through the c-ring and contribute to its rotation, they will be included in the structural H + /ATP even though they do not contribute to the thermodynamic H + /ATP. The activated state has been shown to be metastable, allowing for several turnovers before decaying back to the inactive state. Therefore, the actual energy requirement for activation will depend upon the number of protons involved in this process, and upon the relative frequency of the activation events versus the catalytic events under the given experimental or in vivo conditions.
A second source of undetected energy usage to be considered is an imperfect coupling between the catalytic reactions and the transport processes within the ATP synthase, leading to dissipation into heat of a part of the free energy input. Such energy dissipation might occur for example if the translocation of one proton leads to the rotation of the c-subunit ring, however, due to thermal fluctuations, this movement is not transduced into an elastic strain of the γ-subunit, i.e. the energy provided by this proton is lost. Analogously, in the backward direction, an irreversible loss of free energy might occur e.g. if the movement of the γ-subunit does not lead to a four step movement of the c-ring, or if in one of the four sub-steps no proton is transported. The quantitative contribution of such energy losses will depend on the efficiency of the inner machinery of the ATP synthase. By including the contribution of the Δμ H þ -activation process discussed above, the overall internal efficiency of CF 0 F 1 can be estimated from the ratio between the thermodynamic and the structural H + /ATP ratio to be ≈85%. According to this interpretation, the linearity exhibited by the data analyzed in the present work (Fig. 4) indicates that the extent of internal energy dissipation by CF 0 F 1 may not depend on the reaction conditions (Δμ H þ , substrate concentrations).
Strictly speaking, when two reactions are coupled by a molecular device, it is possible to consider them as being in thermodynamic equilibrium only in the limits of a perfect coupling within such device. Therefore, the present data indicate that Eq. (1) has to be considered as an approximation, however close, to a true thermodynamic equilibrium. The mechanical performance of the molecular F 1 -motor and its internal efficiency have been investigated both experimentally and theoretically ( [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] and refs. therein). Single molecule experiments with isolated F 1 [76, 78, 81] and isolated F 0 F 1 [77] have shown an efficiency close to 100% in converting the phosphorylation potential into torsional work at approximately stalled conditions, and an efficiency of 77% in converting torsional work into phosphorylation potential [78] . The experimental determination of the thermodynamic efficiency of the ATP synthase using single molecule techniques is still an area of active research [85, 86] .
Conclusions
From the analysis presented in this work, the following conclusions are drawn: 1) In CF 0 F 1 , the transmembrane ΔpH is energetically equivalent to the transmembrane electric potential difference for shifting the chemical ATP/(ADP·P i ) equilibrium; 2) The standard free energy of the reference reaction of ATP synthesis results ΔG°r ef = 33.8 ± 1.6 kJ/mol, and falls within the error limits of the most widely accepted literature values; 3) The thermodynamic H + /ATP ratio is 4.0 ± 0.1; 4) The difference between the thermodynamic (4.0) and the structural (4.7) H + / ATP ratio is larger than the error limits of the measured values; 5) The thermodynamic H + /ATP ratio reflects the number of protons necessary for shifting the chemical equilibrium, while the structural H + /ATP ratio reflects the number of protons translocated during a 360°rotation of the c-ring to the number of ATP generated during a 360°rotation of the γ-subunit. This implies that 2 out of these 14 transported protons have to be involved in processes within the enzyme which do not directly shift the chemical equilibrium, such as activation and/or energy dissipation due e.g. to internal uncoupling. Therefore, we conclude that the ratio 12 /14 = 0.85 represents the overall efficiency of CF 0 F 1 during catalysis.
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Appendix A
In this work initial rates are measured as the derivative at t = 0 of a function which best fits the luminescence trace over a few seconds ( Fig. 2A) . Therefore, for a reliable evaluation of such initial rates, it is important that the changes in ΔpH and Δφ during the first few seconds are negligible. In the following, we calculate such changes over a time interval of 5 s.
We consider first the case for Δφ = 0. An acid-base transition leads to an outward movement of protons, and this gives rise to a charge compensating K + -influx, which increases the initial K + concentration. The magnitude of this effect can be estimated e.g. for the reaction condition used in Fig. 2A 
, is given by: generates a diffusion potential. This influx charges the electrical capacitance of the liposome membrane (see e.g. [87, 88] when switching from hydrolysis to synthesis direction at ΔpH eq . Thus, there are two possible cases [66] :
1) If E a /E t (ΔpH) N 0 in the ΔpH range which includes ΔpH eq , then v ATP will be equal to 0 if, and only if, also w(ΔpH) is equal to 0, i.e. the ΔpH value at which v ATP reduces to 0 will coincide with the ΔpH value (ΔpH eq ) at which w(ΔpH) reduces 0. In other words, with E a / E t (ΔpH) N 0, regardless of the absolute values of v ATP , a series of negative values for v ATP (ATP hydrolysis) followed by a series of positive values (ATP synthesis), sampled, for instance, at 0.1 ΔpH intervals, will be enough to determine the ΔpH eq with a precision of 0.1 ΔpH units. This is observed for the reduced CF 0 F 1 . 2) If, on the other hand, E a /E t (ΔpH) = 0 not only at ΔpH = 0, but up to a ΔpH value (ΔpH act ) higher than ΔpH eq , then v ATP will be 0 up to (ΔpH act ), because w(ΔpH) is multiplied by 0 (Eq. (C.1)), while it will be positive (ATP synthesis) at ΔpH N ΔpH act , and no negative values (ATP hydrolysis) will be detected. Since we could measure ATP hydrolysis at all tested Q-values, we can exclude this second case. This is observed for the oxidized CF 0 F 1 .
The E a /E t (ΔpH, Δφ) and w(ΔpH, Δφ) dependencies have been measured both for the reduced and for the oxidized CF 0 F 1 [69] . In ref. [13] , the E a /E t dependence on ΔpH [69] was used, according to Eq. (C.1), to correct the measured v ATP , obtaining the w(ΔpH) dependence. Near equilibrium, while v ATP showed a non-linear dependence on ΔpH (see the non-linear v ATP dependence reported in Fig. 2B ), the calculated w(ΔpH) dependence was linear. This is in accordance with the thermodynamics of irreversible processes, which near equilibrium predicts a linear relation between the catalytic rate and the driving force (ΔpH). Interpolation of the two dependencies to zero rate resulted in the same ΔpH eq , therefore such correction was not further applied.
The above analysis indicates that the method for ΔpH eq determination used in the present work does not detect the "activating protons", but only the protons which are able to shift the equilibrium in Eq. (1).
